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Abstract: The development of peptide-based materials has emerged as one of the most challenging
aspects of biomaterials in recent years. It has been widely acknowledged that peptide-based materials
can be used in a broad range of biomedical applications, particularly in tissue engineering. Among
them, hydrogels have been attracting considerable interest in tissue engineering because they mimic
tissue formation conditions by providing a three-dimensional environment and a high water content.
It has been found that peptide-based hydrogels have received more attention due to mimicking
proteins, particularly extracellular matrix proteins, as well as the wide variety of applications they
are capable of serving. It is without a doubt that peptide-based hydrogels have become the leading
biomaterials of today owing to their tunable mechanical stability, high water content, and high
biocompatibility. Here, we discuss in detail various types of peptide-based materials, emphasizing
peptide-based hydrogels, and then we examine in detail how hydrogels are formed, paying particular
attention to the peptide structures that are incorporated into the final structure. Following that,
we discuss the self-assembly and formation of hydrogels under various conditions, as well as the
parameters to be considered as critical factors, which include pH, amino acid composi- tion within the
sequence, and cross-linking techniques. Further, recent studies on the development of peptide-based
hydrogels and their applications in tissue engineering are reviewed.

Keywords: peptide-based materials; peptide-based hydrogels; self-assembly; peptide sequence;
tissue engineering

1. Peptide-Based Materials

A revolutionary era of nanotechnology has been ushered in by developing tools and
techniques capable of producing, characterizing, and manipulating materials with high
precision and resolution [1,2]. Bottom-up nanofabrication replaces top-down techniques
constrained by the starting material’s bulk properties. Self-assembly supplies molecular
nanotechnology with an attractive option for top-down miniaturization and bottom-up
nanofabrication [3,4]. A self-assembling system consists of interconnected, integrated,
and ordered operational systems that grow hierarchically, similar to how living systems
grow. Self-assembling biomolecules, as an emerging field of bionanotechnology, enable the
development of functional devices with nanoscale-ordered components and templates [5,6].
Peptide-based materials are among the most cutting-edge biomaterials that are derived
from self-assembly [7–9]. The ability of peptides to self-assemble makes them attractive to
researchers, especially as molecular building blocks [10,11]. Peptides can be synthesized us-
ing standard chemical methods, eliminating the complexity involved in synthesizing large
proteins. Furthermore, they are able to control self-assembly based on physicochemical
parameters, such as light, pH, strength, ionic solvent, or temperature [12–14].
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In the case of self-assembling peptides, the sequence of amino acid and chemical group
binding can be modified to customize the assembly characteristics [15,16]. Considering
the diverse properties of amino acids, such as their electrical charge, hydrophobicity,
size, and polarity, they prove to be excellent building blocks for peptide-based materials
with many potential applications [17]. It is generally evident that the mechanism of
assembling peptide sequence is determined by noncovalent intermolecular interactions
such as electrostatic, hydrophobic, van der Waals, hydrogen bonds, and π-π stacking
after the folding of the sequence into the secondary structures by the formation of α-helix
and β-sheet [18–20]. It should be noted, however, that there are some cases in which
covalent bonds such as disulfide bonds, isopeptide bonds, and metal coordination play
the main role in the formation of self-assembled structures [21–23]. There are various
structures of peptide-based materials in 0-dimensional (0D), 1D, 2D, and 3D, all of which
develop by self-assembly, producing a variety of shapes including cages, fibers, tubes, and
hydrogels [24–26], respectively, as illustrated in Figure 1A.
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Figure 1. (A). Peptides self-assemble into different 0D, 1D, 2D, and 3D structures. (B). Peptide-based
hydrogel formation.

In nature, cages are 0D structures with a dot-like shape and are nanometers in size [27].
Polypeptide cages perform various physiological functions in living organisms, such as
deoxyribonucleic acid (DNA) transport and storage, iron storage, cellular interactions,
nucleic acid protection from oxidative damage, controlling protein aggregation, enzyme
encapsulation, and endocytosis [28,29]. Several groups have attempted to engineer cage-
like nanomaterials based on the spherical shape and function of natural nanocages and they
have been applied to various applications, including drug delivery, vaccine development,
and synthetic biology [28,30,31]. It should be noted that physicochemical conditions and the
ratio of positively and negatively charged amino acids determine the morphology and size
of cage structures [32]. The cage structure has three architecturally significant advantages.
First, symmetry in the structure leads to desired interactions within the biological network.
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Second, the outer and inner surfaces, as well as the inter- and intra-subunits interfaces, are
clearly defined, making it possible to connect fragments in a chain or separate fragments to
form a functional area. Third, nanocages are very robust and can withstand many genetic
and chemical modifications [29].

The use of nanofibers as 1D structures has been considered for biomedical applications
as well [33,34]. Nanofibers provide unique templates for controlling the molecular packing
and internal order of therapeutic delivery devices so that they can interact effectively with
cells and tissues in a controlled and predictable manner [35,36]. The use of nanofibers,
which have the major content of β-sheets, has emerged as an effective tool for biomed-
ical applications in recent years [35,37]. Furthermore, helix bundles have been used to
design self-assembling nanofibers. They have typically sticky-ends that affect helix further
interaction, so leaving dangling sticky-ends initiates the addition of helices at both ends
and supports growth [38]. Peptide nanofibers have allowed researchers to model the self-
assembling process of amyloid fibrils and study the biological process of their formation,
which is an essential step toward studying the relevant diseases [39,40].

Nanotubes as 2D structures can be used in numerous applications, including drug
delivery, catalysis, chemotherapy, electronics, and molecular separation. Several methods
have been applied to prepare noncovalently self-assembled nanotubes, notably helical
structures, rod-like hollow bundles, and stacked rings [41–44]. Due to their hollow structure,
nanotubes can bind small molecules, demonstrating their potential for drug delivery [45].
Diphenylalanine (FF) peptide is the simplest building block for self-assembly into peptide-
based materials, forming a long tube-like structure (about 100 µm). This structure is formed
by hydrogen bonds and π-π stacking during the self-assembly process [46]. In recent
years, cyclic peptide nanotubes, in which π-π stacking and hydrogen bonds are the main
driving forces for their formation, have attracted much attention [47]. A nanotube using
this self-assembly adopts a specific orientation in which the side chains of the amino acids
face the exterior while the amino and carbonyl groups on the backbone face perpendicular
to the ring and form hydrogen bonds [48]. Additionally, some nanotubular structures are
generated through the self-assembly of peptide amphiphiles (PAs) [49].

Although these self-assembling peptide architectures are highly promising, their
structures are not sufficient for specific interactions with cells. Hence, the next logical step
would be to pair biologically active and functional peptides directly to create scaffolds
capable of interacting with cells and tissues [50]. A peptide-based hydrogel is a highly
hydrated, 3D structure composed of peptide-based nanofibers that absorb water around
them by joining together and forming interwoven networks (Figure 1B) [51]. Peptide-based
hydrogels are attractive biomaterials that can be used in 3D stem cell cultures, regenerative
medicine, tissue engineering, bioprinting, sustained release, the acceleration of diabetic
wounds and skin wounds, as well as immediate hemostasis [52,53].

Tissue engineering requires a 3D environment for cell growth, differentiation, and,
ultimately, tissue formation, and these hydrogels have achieved excellent results in sim-
ulating this environment [54,55]. Currently, hydrogels are used in the biomedical and
pharmaceutical fields for various purposes, including drug delivery systems, wound dress-
ings, tissue engineering, and contact lenses. Hydrogels derived from natural sources have
been the subject of recent research. A variety of natural-based materials can be fabricated
into hydrogels, including proteins [56], polymers [57,58], and peptides. The advantages
of peptide-based hydrogels make them an attractive material for tissue engineering and
biomedical applications. The advantages and disadvantages of each group are compared
in Table 1. Accordingly, the use of peptide-based hydrogel is expected to promote cell
survival and growth, as well as direct cell behavior. The peptide-based hydrogels’ high
water content facilitates the diffusion of growth factors, nutrients, and biochemical signals,
allowing cells to migrate and grow similarly to biological tissues. [59]. In addition, the
sol-gel conversion does not involve harmful chemicals, and the gel-degraded products can
be metabolized by the cells. As a result of the physiologically induced sol-gel transition,
the hydrogel’s high internal hydration, and the presence of nanofibers, peptide-based



Polymers 2023, 15, 1068 4 of 22

hydrogels can potentially interact with cells for tissue engineering. The physicochemical
properties of peptide-based hydrogels make them ideal for nanomedical applications since
they are easy to handle, non-immunogenic, non-toxic, biodegradable, non-thrombogenic,
and can be used in localized therapy [60,61]. Furthermore, this class of biomaterials can
help overcome challenges associated with the assessment of cells and tissues [62].

Table 1. A comparison of different types of hydrogels derived from natural resources.

Main Material Advantages Disadvantages

Polymers
Biocompatible, Available,

Abundance, Easy interaction with
cells [63,64]

Need to be manipulated to achieve
favorable properties, The synthesis

process can affect the final properties,
Achieving desired features takes time,

Limitations to single-component
using [63]

Proteins

Biocompatible, Bioactive [65]-
Easy interaction with cells,

Similar mechanical, chemical, and
structural properties to the ECM,
Easy degradation by proteolytic

enzymes [66,67]

Proteins must be unfolded to become
a hydrogel, Some of physicochemical

properties are lost during
hydrogelation [56]

Peptides

Biocompatible, Bioactive, The
properties of the final hydrogel

can be predicted by arranging the
appropriate sequence, Easy
interaction with cells [68]

Low mechanical properties [69]

2. Peptide-Based Hydrogels

Generally, peptide-based hydrogels consist of nanofibrous networks interconnected
by chemical or physical bonds. Among the key characteristics of these materials are their
mechanical stability, microporous structure, biocompatibility, high water content, tissue-
like elasticity, and injectability. Further, peptide-based hydrogels can easily be developed by
modifying the binding of the amino acid side chains and incorporating desired amino acids
into the backbone to meet specific requirements [70]. A non-covalent self-assembly process
can be used to produce hydrogelation under the appropriate conditions, so that nanofibers
are formed in fiber-based hydrogels by self-assembly [71]. The thickness and length of
these fibers increase as they elongate in 3D, ultimately forming fibrillar networks. In this
manner, water can be entrapped within these complex networks of peptides, resulting in
a self-supporting hydrogel [72]. Synthesizing a biomimetic physical hydrogel capable of
flowing and recovering after shearing is an example of non-covalent interaction to form
peptide-based hydrogels. Shear recovery can facilitate minimally invasive procedures
and bioprinting-based tissue engineering. In tissue engineering, stem cell transplantation
is often associated with poor cell survival. Due to their properties, these hydrogels are
able to be injected directly from the needle and increase cell viability by reducing the
mechanical forces that destroy the cell membrane [73]. Peptide-based hydrogels require
the incorporation of adhesion peptides to mimic the extracellular matrix (ECM); RGD is
the most commonly used peptide sequence for this purpose [74].

Peptide-based hydrogels consisting primarily of antiparallel β-sheets form an archi-
tecture in which non-polar and polar amino acids appear in an alternating fashion. The
non-polar amino acid seems to be responsible for the strength of β-sheet-rich fibers in
these systems, whereas the polar amino acid appears to be responsible for the interactions
between fibers and aggregation. When fibers reach a critical concentration, they entangle
and form a 3D network that eventually forms a self-supporting hydrogel [75]. On the other
hand, intermolecular interactions mediated by electrostatic and hydrophobic interaction as
well as hydrogen bonding stabilize helix bundles that can then be assembled into fibers
and hydrogels. Depending on pH and salt levels, charged α-helix peptides can assemble
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into various micro- and nanoscale structures [76]. Helix bundle assembly is significantly
more complex than β-sheet assembly, in which peptides with only two amino acids can be
assembled into fibers. However, these longer α-helix sequences offer many opportunities
to attach fluorescent labels and reactive groups in addition to precisely controlling binding
strength and, in particular, stimulus-response, assembly order, and stoichiometry [77].

Charge, ion, and pH profoundly affect the peptide structures within peptide-based
hydrogels [78]. Xing et al. [79] observed that β-sheets change into α-helix under alkaline
conditions within the self-assembled fluorenylmethoxycarbonyl (Fmoc)-FF nanofibers. The
C-terminus of Fmoc-FF becomes charged when deprotonated under alkaline conditions.
The charges on carboxyl groups (COOH) have been found to cause an increase in β-sheet
content when deprotonated in Na2B4O7-EDTA buffer at pH 8.5.

As well, the sequence of peptides plays a significant role in determining the structure
of peptide-based hydrogels. In this regard, a total of four octapeptides consisting of F,
E, A, and K in an alternating fashion with charge have been developed by Saiani and
coworkers [80]. Sequences with phenylalanine were found to produce self-supporting
hydrogels more readily, whereas sequences containing alanine could only produce viscous
solutions even when high concentrations were used. There was an increased tendency
for peptides with higher amounts of alanine and glutamic acid residues to form α-helical
structures (AEAKAEAK and AEAEAKAK sequences), compared to those with lower
amounts of glutamic acid and alanine residues, while two other peptides with FEFKFEFK
and FEFEFKFK sequences developed β-sheet structures.

The stiffness of hydrogels needs to be finely tuned in tissue engineering because cells
respond to stiffness in their microenvironment and change their properties. Ideally, the
matrix encapsulating cells should match the stiffness of the cells’ natural environment to
achieve a more realistic tissue culture study. Various factors affect the mechanical properties
of peptide-based hydrogels, including peptide sequence, peptide concentration, peptide
hydrophilicity or hydrophobicity, amino acid charge, sequence length, pH, temperature,
electrolyte concentration, electrolyte ion types, and ion size. The parameter ranges can
be easily controlled, which allows peptides to be utilized in the design of tailor-made
hydrogels. Nevertheless, there is a need to develop the stiffness of the peptide-based
hydrogels since they are not as stiff as hard tissues. Hence, various techniques are developed
to improve the stiffness of biocompatible peptide-based hydrogels [60].

The ability to control the architecture of peptide-based hydrogels with external stimuli
is essential in tissue engineering applications. In many applications [81–85], a precursor
bio-fluid is injected into areas that need regeneration and converted to a gel in situ. External
physical and chemical stimuli, such as temperature, pH, or special additives, are highly
effective at creating the scaffold and completing the process. An enzymatic trigger is one
of the most popular external stimuli. Several advantages of peptide-based hydrogelation
triggered by enzymes include biocompatibility, homogeneity, and mild reaction conditions.
Several experiments have been conducted by Ulijn et al. [86] using proteases for reverse
hydrolysis to catalyze the self-assembly of peptide-based hydrogels. As a result of coupling
two amino acids using Thermolysin, which facilitates the formation of peptide bonds
thermodynamically, hydrogels were formed. Reverse hydrolysis has the advantage of
producing no by-products other than water. The team developed a series of alkaline
phosphatase (ALP)-responsive PAs based on Fmoc-protected dipeptides [87]. As well,
enzymatic catalysis enables peptides to self-assemble into hydrogels that are highly effective
antimicrobial agents. Moreover, the researchers found that ions had a significant effect
on the network structure of the enzyme, and these changes could be used to control
self-assembled peptide nanostructures. This resulted in different nucleation and growth
rates for self-assembled nanostructures, leading to differences in mechanical properties
and chirality [88]. Yang et al. [89] reported that Tyrosinase could promote a transition
of gel-sol in Ac-YYYpT-OMe hydrogel. The enzyme-responsive peptide sequence can
assemble into hydrogels and disassemble by Tyrosinase when exposed to it. As a result
of the overexpression of Tyrosinase in malignant melanoma cells, this enzyme-responsive
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hydrogel can encapsulate anticancer drugs. According to Yang’s group, enzymes promote
peptide self-assembly to facilitate the folding into the α-helix conformation [90]. ALP
catalysis can convert CRB-GDFDFpDY peptides to CRB-GDFDFDY, resulting in helix-
shaped hydrogels. Compared to hydrogels with a sheet conformation, this exhibited
superior integrity against proteinase K degradation. Several studies have confirmed the
increase in helix content in the presence of enzymes [91,92].

Aside from the numerous advantages peptide-based hydrogels possess, their poor me-
chanical properties and low elasticity present limitations in some applications, which can
be overcome by cross-linking appropriately. Peptide-based hydrogels are stiffer compared
to other peptide-based materials due to the chemical cross-linking within the structure
or between the peptides and other macromolecules. Liyanage et al. [69] demonstrated
that covalent cross-linking of peptide–chromophore–peptide triple sequences enhances
the mechanical stability of self-assembled peptide-based hydrogels through their incor-
poration with polyethylene glycol (PEG)-based small guest molecules [69]. The effects
of azide–alkyne cycloaddition amine-reactive cross-linking, enzymatic cross-linking, and
thiol-ene reaction methods were investigated. It was found that the hydrogels’ viscoelastic
properties varied significantly as a result of the various cross-linking reactions. Despite this,
no clear relationship was found between the different cross-linking methods and the final
rigidity of the hydrogel. According to Ding et al. [93], the mechanical strength of FmocF-
FGGGY peptide-based hydrogel increased due to photo-cross-linking. A well-established
ruthenium mixture (Ru(bpy)3Cl2 catalyzes tyrosine transformation to dityrosine during
light irradiation. First, the rationally designed peptides are assembled into hydrogels based
on the geometric constraint of amino acids and their hydrophilicity. Then, the cross-linking
mechanism is activated with white light within 2 min of adding Ru(bpy)3Cl2. Cross-linked
hydrogels with a storage modulus of about 100 kPa exhibit 104-fold better mechanical
stability than non-cross-linked hydrogels due to densely interwoven fibrillar networks of
peptide dimers linked by dityrosine links. They emphasized the following factors to im-
plement this approach: (1) Geometrical and hydrophilic constraints need to be considered
when designing the peptide sequence to avoid self-assembly and cross-linking interfer-
ence. (2) In situ photo-cross-linking is necessary for hydrogels to ensure the adequate
co-assembly of cross-linked and uncross-linked peptides.

Overall, covalently cross-linked hydrogels can deform elastically while maintaining
their mechanical strength. Nevertheless, the lack of suitable porous structures for the
diffusion of large substrates, an essential requirement for cell culture and biocatalysis,
continues to pose a challenge. A combination of peptide-based hydrogels and polymeric
materials can achieve both advantages as a physical cross-linking [94]. In contrast to
chemical cross-linking, this technique enables the direct fabrication of hydrogels from their
native building blocks without requiring any chemical modifications or harsh chemical
reactions. However, hydrogels that contain physically cross-linked chains do not undergo
a notable change in volume during the sol-gel transition. These materials can be produced
using self-assembling polymers, which are triggered by external factors such as pH and
temperature. When an external stimulus is applied to a polymer-peptide solution of low
viscosity, it can rapidly form a polymer-peptide hydrogel. Physical cross-linking generally
constructs weaker peptide-based hydrogels than chemical cross-links, causing them to be
more sensitive to mechanical stresses [95].

The advantage of physically cross-linked hydrogels is to use them as injectable materi-
als. As a result of physical cross-linking, most organic solvents and cross-linking reagents
are not necessary, making these hydrogels suitable for biomedical applications such as drug
delivery and tissue engineering [95]. Accordingly, Xing et al. [96] developed a robust hydro-
gel by physically cross-linking poly-L-lysine modified with the mercapto group (PLL-SH)
and Fmoc-FF. By entangling the negatively charged dipeptide Fmoc-FF with the positively
charged PLL-SH, electrostatic interactions result in injectable hydrogels formed through
the entanglement of the peptide nanofibers. PLL-SH modified with a mercapto group (-SH)
creates disulfide bonds that contribute to the mechanical strength of the hydrogel. The
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peptide-based hydrogel could be squeezed with a 26-gauge needle without causing any
blockages. According to the rheological analysis of the Fmoc-FF/PLL hydrogel, it has more
acceptable properties than the individual Fmoc-FF hydrogels.

Consequently, by absorbing water, nanofibrous structures are changed into peptide-
based hydrogels. During the elongation of fibers in 3D, their thickness and length increase,
eventually forming fibrillar networks. As a result of these complex networks of peptides, a
self-supporting hydrogel is formed. Hydrogels containing the predominant contribution of
β-sheets have higher mechanical properties, and those containing the majority of α-helixes
have better biological properties. The structural content of peptide-based hydrogels can be
modified by controlling variables such as peptide sequence, concentration, charge, and pH,
and by adjusting these structures, the properties of the final hydrogel can be altered. In
order to use peptide-based hydrogels in biomedical applications, they need to be chemically
or physically cross-linked [97]. The physical cross-linking in the form of polymer–peptide
interaction provides more favorable properties for tissue engineering.

3. Peptide-Based Hydrogel in Tissue Engineering

In addition to drug delivery [98] and wound healing [96,97], tissue engineering is
a rapidly expanding area of biomaterial science committed to restoring and replacing
damaged tissues. In spite of significant advances in tissue engineering technology, the
development of effective biocompatible 3D scaffolds still remains a challenge [98]. The
ease of use and customization of self-assembling peptide-based hydrogels make them
useful for tissue engineering [99]. Natural or synthetic amino acids can be used to produce
them, as well as polymerization techniques. In biomimetic 3D environments, peptide-based
hydrogels are valuable for studying cells in vitro and facilitating tissue regeneration in vivo.
In order to control adhesion, morphology, and the expression of proteins, peptide-based
hydrogels can be utilized to construct microenvironments [62]. A wide range of tissues can
be regenerated using peptide-based hydrogels, including nerve, muscle, cartilage, bone,
and skin. This section discusses recent research on the engineering of each of these tissues,
which are summarized in Table 2.

Table 2. Summary of peptide-based hydrogels for tissue engineering applications.

Target Tissue Peptides Other Components Effects of Peptide Ref.

Nerve

IKVAV

PNIPAM-b-poly(AC-PEG-
COOH) and

PNIPAM-b-poly(AC-PEG-
IKVAV)

Angiogenic factors expression,
Decreasing pro-inflammatory factors,
Inhibition of glial scar tissue regrowth

[100]

RGI and KLT RADA

Outgrow PC12 cells,
Improving the tube-like formation of

HUVECs,
Facilitation neurovascular crosstalk

[101]

IKVAV ssDNA

Cytoskeleton and microtubules
differentiation,

Longer neurites and modified
endocytic mechanisms

[102]

Ac-RIDARMRADIR-
NH2 Glycophorin A (GYPA)

Controlled release of VEGF,
Cell transplantation-free regenerative

capabilities
[103]

Fmoc-DIKVAV -

Promoting cell adhesion and growth,
angiogenesis, and neurite outgrowth,

Reducing cell death, astrogliosis,
Enhancing function in SCI mice.

[104]

IKVAV-PA and
VKIVA-PA - Enhancing the function of endogenous

or transplanted BMSCs [105]
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Table 2. Cont.

Target Tissue Peptides Other Components Effects of Peptide Ref.

Muscle

GGR-KLT MaHA and Gelatin

Adequate prevention of uncontrolled
matrix degradation,

Improvements in angiogenesis,
Improving myocardial regeneration

over 28 days

[106]

TEMPOL Polypyrrole Enhancing cardiomyocytes’ contractile
and electrical properties [107]

KNRLTIELEVRTC,
CIKVAVS, and

RKRLQVQLSIRTC
GeG Differentiation and spreading of

C2C12 [108]

PA -

Providing myogenic progenitor cells
with a suitable biological environment

for the survival, maturation, and
regeneration of muscle tissue

[109]

Cartilage

RAD-CM Decellularized Cartilage
ECM

Chondrogenic gene expression and
ECM deposition [110]

NVFFAC
carboxymethyl cellulose

dialdehyde and
carboxymethyl chitosan

Human chondrocytes were stimulated
to undergo in vitro chondrogenesis
using hydrogels, and the authors

observed enhanced cell growth and
cartilage-specific ECM secretion

[111]

IEIK13 BMP-2, T3 Regeneration of full-thickness
cartilage injuries [112]

[KLDL]3 PDGF-BB, HB-IGF-1
Better integration of newly produced
cartilage compared with microfracture

alone
[113]

FKGG-GPQGIWGQ-
ERCG PEG, BMP-2, TGF-3 Formation of osteoblast-like structures

and cartilage [114]

Bone

QK and KP GelMA, ODex

Considerable increase in the
osteogenic differentiation of BMSCs
and the angiogenesis capability of

HUVECs

[115]

[COCH3]-
RADARADARADARADA-

[CONH2]
DEX

Bone tissue regeneration for 21 days
with the DEX perfusion rate of

0.1 mL/min
[116]

RATEA16 rhVEGF165 and BMP-2
Able to deliver growth factors quickly

and precisely,
Bone regeneration

[117]

IVFK and IVZK - Cell adhesion and spreading of
hMSCs [118]

FmocFF HA

Facilitating osteogenic differentiation
of MC3T3-E1 preosteoblasts and

calcium deposition, Regeneration of
~93% of bone mass

[119]
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Table 2. Cont.

Target Tissue Peptides Other Components Effects of Peptide Ref.

Skin

Ac-
KVKFMDVYQRSYCHP-

amide
GelMA, VEGF

Cell proliferation,
Viability,

Tubular structure formation
[120]

Oyster Chitosan, Glycerin

Inhibiting the formation of a variety of
inflammatory cells,

Stimulating collagen fiber formation
and new blood vessel formation,

Regulating Ki-67 and VEGF
expression in the wound,

Enhancing the biosynthesis of total
protein in the granulation tissue

[121]

RGD tHA-PEGDA, anti-VEGF-R2
DNA Enhancing cell growth [122]

3.1. Nerve

Chai and colleagues examined an IKVAV peptide hydrogel scaffold consisting of
PNIPAM-b-poly(AC-PEG-COOH) and PNIPAM-b-poly(AC-PEG-IKVAV). They determined
whether it promoted angiogenesis, inhibited keratinocyte differentiation, prevented their
adhesion, and reduced the formation of glial scars [100]. Through this scaffold, angio-
genic factors were expressed, pro-inflammatory factors were decreased to a certain level,
glial scar tissue regrowth was inhibited, and damaged tissue was repaired, making it
appropriate for tissue engineering applications in the central nervous system (CNS). An
artificial neurovascular microenvironment was constructed by Zhang and colleagues using
a dual-functionalized nanofiber peptide-based hydrogel including RGI and KLT, which
are mimetic peptides of vascular endothelial growth factors (VEGF) and brain-derived
neurotrophic factors [101]. In order to synthesize RGI and KLT, RGIDKRHWNSQ and
KLTWQELYQLKYKGI bioactive motifs were added to the C-terminus of RADA (Ac-
RADARADARADARADA-NH2). Based on in vitro results, this nanofibrillar peptide-based
hydrogel enabled pheochromocytoma (PC12) cells to outgrow and improved the tube-like
formation in human umbilical vein endothelial cells (HUVECs). According to in vivo stud-
ies using rat brain injury models, this hydrogel facilitates neurovascular crosstalk by modu-
lating paracrine factors secreted by PC12 cells and HUVECs. Co-culturing these cells on this
hydrogel significantly enhanced their interaction, resulting in an accelerated differentiation
of PC12, which resulted in an increase in pseudopodia and tube-like structures in HUVECs.
Hivare and colleagues chemically conjugated the IKVAV peptide to a DNA-based hydrogel
coated on glass [102]. Sulfo-MBS (m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester)
crosslinking was used to decorate native DNA hydrogels using peptides linked to single
oligo primer strands. The IKVAV peptide was synthesized chemically to stimulate neural
differentiation and attachment. Neuroblastoma stem cells treated with this hydrogel had
a more significant differentiation of the cytoskeleton and microtubules of neurons. Ad-
ditionally, they had longer neurites and modified endocytic mechanisms compared with
those treated with the unmodified DNA hydrogel. Yaguchi and coworkers designed a
peptide-based hydrogel called JigSAP that includes the AXXXA glycophorin A (GYPA)
motif and is inspired by the dynamic self-assembling characteristics of natural sequences
in order to create an artificial ECM for brain regeneration [103]. The sequence of JigSAP is
Ac-RIDARMRADIR-NH2 (Figure 2A,B), which consists of hydrophilic and hydrophobic
amino acids, resulting in an amphiphilic structure with exposed hydrophilic and hydropho-
bic surfaces in the β-sheet. A peptide-based hydrogel exhibited a controlled release of
VEGF, and in vivo studies on a mouse stroke model revealed cell transplantation-free
regenerative capabilities, indicating this hydrogel has significant potential for brain regen-
eration (Figure 2C). Wiseman et al. [104] evaluated Fmoc-DIKVAV as a scaffold for grafting
cells after spinal cord injury (SCI) caused by mild thoracic contusions. As a result of the
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incorporation of the laminin-1 sequence IKVAV in the Fmoc-DIKVAV hydrogel, it promotes
cell adhesion and growth, angiogenesis, and neurite outgrowth, as well as reducing cell
death, astrogliosis, and enhancing function in SCI mice. The Fmoc-DIKVAV hydrogel was
fabricated to have a gelation time of 2 s at pH 7.4 and exposed to 15 min of ultraviolet light.
The hydrogel was mixed with either viable or nonviable rat mesenchymal precursor cells
(rMPCs). A comparison was made between the results achieved with hydrogel, rMPC,
and control with only SCI. The Fmoc-DIKVAV hydrogel scaffold helped facilitate axonal
regrowth after contusion SCI. This hydrogel could be used in neuroscience and neuroregen-
eration as conduits for nerve tissue. Using the same IKVAV sequence and peptides from
PA, the Ji group has produced bioactive supramolecular nanofibers in another study [105].
In this study, the molecules of IKVAV-PA (C16V2A2E4GIKVAV) and its scramble sequence
VKIVA-PA (C16V2A2E4GVKIVA) were synthesized using a standard Fmoc solid-phase
peptide synthesis procedure and purified using reverse-phase HPLC. After one week, these
peptide-based hydrogels initiated the commitment to neuroectodermal lineage, and many
major biological components were expressed, such as microtubule-associated protein-2
(MAP-2), b-III tubulin (TUJ-1), and neuronal nuclei (NEUN), as well as ECM laminin. A
distinctive elongation of bone marrow mesenchymal stem cells (BMSCs) was observed only
in cells that were in contact with supramolecular nanofiber gels. As a result of the study, it
was concluded that BMSCs combined with IKVAV-PA supramolecular nanofibers could
enhance the function of endogenous or transplanted BMSCs within the CNS following
traumatic injury.

3.2. Muscle

The researchers designed a dual crosslinking conducting peptide-based hydrogel
comprised of maleimide-modified hyaluronic acid (MaHA) and gelatin, which provided
self-healing and good mechanical properties, as well as degradable according to the my-
ocardium’s systolic-diastolic rhythm, which enhanced the thickness of the myocardium
significantly [106]. A bifunctional myocardial infarction (MI)-responsive peptide sequence,
GCNS-GGRMSMPV-KLTWQELYQLKYKGI (GGR-KLT) consisting of both a therapeutic
KLT and a cleavable GGR sequence was developed, and further bound to MaHA through
Michael addition using both MaHA maleimide and GGR sulfhydryl groups in order to
stimulate angiogenesis through matrix metalloproteinase-2 (MMP 2). GGR, a peptide
sequence cleavable by MMP-2 that mediates the interaction between MaHA and KLT, can
regulate the release of KLT on-demand to consume overexpressed MMP-2 in damaged
tissue. In an MI model utilizing this hydrogel as an encapsulation medium, BMSCs were
injected, and in vivo experiments demonstrated that this system has three distinct advan-
tages. First, there is adequate prevention of uncontrolled matrix degradation. Second,
the induced release of KLT resulted in dramatic improvements in angiogenesis. Third, it
improved myocardial regeneration over 28 days due to the induced release of KLT. Ex-
periments revealed a high potential for clinical application of this hydrogel based on the
complete regeneration and recovery of damaged myocardium. Using a multi-component
co-assembly peptide and a reactive oxygen species (ROS) scavenging peptide, Zhan and col-
leagues developed a composite hydrogel composed of conducting polypyrrole (PPy) [107].
As a result of the incorporation of TEMPOL(Nap-FFK(TEMPOL)GRGD) into the hydro-
gel, it can scavenge ROS effectively. By engineering physical milling of the conductive
PPy membrane, they created micro/nano-sized particles that adhered to self-assembly
structures through binding with the T59 (Nap-FFEG-THRTSTLDYFVI) peptide, result-
ing in a novel ROS-scavenging/conductive composite hydrogel. This conductive and
antioxidant peptide-based hydrogel effectively removed ROS from cardiomyocytes during
oxygen-glucose deprivation. Based on this work, hydrogel may enhance cardiomyocytes’
contractile and electrical properties based on the demonstrations of expression of the CX-43
protein and rhythmic intracellular Ca2+ puffs. The combination of this hydrogel with
cardiomyocytes was found to improve cardiac repair and function significantly. Alheib and
colleagues developed skeletal muscle scaffolds using gellan gum (GeG) hydrogels tailored
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to laminin-based peptides [108]. Hence, murine skeletal muscle cells (C2C12) attached
to three laminin-derived peptides, KNRLTIELEVRTC, CIKVAVS, and RKRLQVQLSIRTC.
Additionally, GeG, which has been chemically functionalized, was tested for its ability to
bind laminin-derived peptides. Regarding binding rates, C2C12 tethered to peptides V,
T, and Q in percentages of 10%, 48%, and 25%, respectively, while peptides tethered to
GeG in percentages of 60%, 40%, and 31%. Different levels of polymer content in peptide-
biofunctionalized hydrogels resulted in different surface mechanics and peptide exposure.
Even though all hydrogels demonstrated cellular adhesion, only those functionalized with
peptide Q illustrated differentiation and spreading. A PA hydrogel scaffold was developed
by Sleep and colleagues to transplant muscle stem cells [109]. PAs were synthesized on a
custom peptide synthesizer using an aliphatic palmitoyl tail (C16) and a hydrophilic cap of
six or nine amino acids. Afterward, they exposed the amino acid cap by entropic mixing
and aggregated the hydrophobic tail by annealing PA into long-axis nanofibers randomly
ordered. In order to create stable, noodle-like scaffolds that have liquid crystalline prop-
erties due to their parallel orientations to the direction of extrusion, PAs were extruded
into physiological calcium concentrations in a culture medium and created a high-ordered
nanofiber structure. These scaffolds were found to provide myogenic progenitor cells with
a suitable biological environment for the survival, maturation, and regeneration of muscle
tissue (Figure 3).
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drophobic surfaces. (B). Illustration of JigSAP supramolecular structures in water obtained by
all-atom molecular dynamics simulation. (C). (a–f) neuron marker NeuN in magenta color (a–c) and
NeuN/endothelial cell marker Lycopersicon Esculentum lectin (LEL) in magenta/green stained
(d–f) images of the border between the injured core and the penumbra. (g–i) Magnified views
of NeuN (white arrows), LEL, and DAPI stained with magenta, green, and blue, respectively.
(k–p) Fluoro-Jade C (FJC) with green (k–m) and FJC/DAPI (green/blue) (n–p) images of the border
between the injured core and the penumbra. (q–s) Magnified views of FJC/DAPI (green/blue) in the
penumbra (white arrows). Reproduced under the terms of the Creative Commons Attribution 4.0
International (CC BY 4.0) license. [103] Copyright 2021, Nature.
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Figure 3. (A). The injection device is illustrated by the schematic depicting a Hamilton syringe on
a retractable leadscrew linear actuator platform. (B). A zoomed-in image illustrates the injection
of PA solution (the blue line) into muscle tissue. (C). Macroscopic view of collected samples after
injection with an Evans blue-dyed mid G′ PA solution. (D). The results of two MRI scans taken from
the same mouse leg at a distance of 200 um. In this image, white arrows indicate the presence of
the PA hydrogel along the length of the muscle (Scale bar = 1 cm.) (E). TEM images illustrating
muscle sarcomere markings next to the PA hydrogel injected. The black arrow points toward the
muscle’s long axis and the PA nanofibers. (F,G). High-magnification insets illustrate the muscle
and the nanofibers, respectively; the myofibers and nanofibers are oriented parallel to the muscle’s
long axis (Scale bar = 1 µm.) (H). Illustration of the gadolinium chelate illustrated by the green
sphere and PA molecule utilized for following the hydrogel in vivo and molecular graphics of the
supramolecular PA nanofiber consisting of 5% Gd(III)-labeled PA and 95% C16V3A3E3 PA. (I). Axial
MRI scan displaying the Gd-PA scaffold (illustrated by arrows) of the same leg at 8 d postinjection;
the Gd-aPA is no more detectable by day 15 (Scale bar = 500 µm). Reproduced under the terms of
“Freely available online through the PNAS open access option”. [109] Copyright 2017, PNAS.

3.3. Cartilage

Ye and co-workers linked Ac-(RADA)4-CONH2 (RAD) peptide with transforming
growth factor-β (TGF-β)-simulating peptide LIANAK (CM) to produce the synthetic self-
assembling peptide Ac-(RADA)4-GG-LIANAK-CONH2 (RAD-CM) [110]. The final hydro-
gel induced chondrogenic gene expression and ECM deposition, which was subsequently
combined with decellularized cartilage ECM to form a mechanically strengthened compos-
ite scaffold for the regeneration of articular cartilage. In addition to its favorable bioactivity
and structural characteristics, this composite scaffold can enhance both neocartilage re-
generation and osteochondral regeneration, providing a potential for in situ cartilage
regeneration, as it contains CM peptides that simulate TGF-β. Thomas and colleagues
developed a hydrogel with an interpenetrating dynamic network to support chondrocyte
growth and differentiation [111]. They achieved this goal by self-assembling PA (NVFFAC
short sequence) into nanofibers and embedding them in a chemically crosslinked polysac-
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charide network composed of carboxymethyl cellulose dialdehyde and carboxymethyl
chitosan. Because of the hydrogel’s flexible structure, numerous cellular functions were
facilitated without compromising its integrity. Human chondrocytes were stimulated to
undergo in vitro chondrogenesis using hydrogels, and the authors observed enhanced cell
growth and cartilage-specific ECM secretion. Dufour’s research team studied the repair
of full-thickness cartilage defects in the cynomolgus monkey using an Ac-IEIKIEIKIEIKI-
NH2 (IEIK13) [123] peptide sequence in conjunction with articular chondrocytes treated
with a chondrogenic cocktail of bone morphogenetic protein (BMP)-2, insulin, and tri-
iodothyronine (T3), referred to as BIT [112]. Monkey articular chondrocytes treated with
BIT produced cartilage using IEIK13 hydrogel. Full-thickness cartilage injuries could be
restored by implants that contained or lacked chondrocytes (Figure 4). To evaluate growth
factors, Zanotto et al. [113] used a self-assembled peptide hydrogel [KLDL]3, with the
sequence AcN-(KLDL)3-CNH2 [124], functionalized with platelet-derived growth factor
BB (PDGF-BB) and heparin-binding insulin-like growth factor (HB-IGF-1) with trypsin
pretreatment to examine the healing of a critical cartilage injury after rigorous exercise in
horses. Better integration of newly produced cartilage was reported compared with mi-
crofracture alone. To encapsulate BMSCs and nasal chondrocytes (NCs) using PEG-peptide
hydrogels functionalized with TGF-3 and BMP-2, Stüdle and colleagues applied enzymatic
polymerization [114]. The hydrogels were synthesized by mixing an equal ratio of 8-armed
PEG conjugated with peptides responsible for cross-linkage via transglutaminase factor XIII
and cell-mediated degradation (PEG-Gln: NQEQVSPL-ERCG and PEG-MMPsensitive-Lys:
FKGG-GPQGIWGQ-ERCG) at pH 7.6. The results demonstrated that BMSCs could form
osteoblast-like structures by endochondral ossification, while NCs formed cartilage to
maintain structural stability.

3.4. Bone

Li et al. [115] have recently designed a self-healing injectable hydrogel incorporating
angiogenic peptides (QK: KIPK(Ac)ASSVPTELSAISTLY) and osteogenic peptides (KP:
IPK(Ac)ASSVPTELSAISTL) that enhances vascularized regeneration of minor, irregular
bone defects. The structure of this peptide-based hydrogel was produced by forming a
Schiff base reaction between amino groups of gelatin methacryloyl (GelMA) and aldehyde
groups of oxidized dextran (ODex), which results in enhanced injectability and shape
fidelity of the final hydrogel. Results obtained in vitro from the peptide-based hydrogel
demonstrated a considerable increase in the osteogenic differentiation of BMSCs and the an-
giogenesis capability of HUVECs. Moreover, they examined bone formation in rat calvaria
and found that loaded KP and QK peptides had synergistic effects. This demonstrates that
this composite hydrogel can be used as an efficient and safe scaffold for vascularized bone
regeneration (Figure 5A). A peptide-based hydrogel loaded with dexamethasone (DEX)
was prepared by Panek’s group and demonstrated to release DEX concentration optimally
under perfusion force using 4 × 10−4 M DEX-loaded [COCH3]-RADARADARADARADA-
[CONH2] [116]. In this study, bone tissue was regenerated on a peptide-based hydrogel
scaffold for 21 days with the DEX perfusion rate of 0.1 mL/min, illustrating the potential of
the system for orthopedic tissue engineering (Figure 5B). Zhang and colleagues developed
a RATEA16 (RA, [CH3CONH] RADARADARADARADA-[CONH2]) hydrogel scaffold for
sustained release of rhVEGF165 and BMP-2 to achieve in vitro osteogenic/vasculogenic
differentiation of HUVECs and human stem cells of the apical papilla (SCAPs) [117]. It
was concluded that RATEA16 could be an effective clinical strategy in tissue engineering,
especially in bone reconstruction, due to its ability to deliver growth factors quickly and
precisely. Based on the two previous studies, in the field of bone tissue, a slight change
in the peptide sequence RADARADARADARADA-[CONH2] can release additives or
create a suitable substrate for cell growth and function. Using two tetrapeptide hydrogel
scaffolds described by Alshehri and colleagues, hMSCs were grown and differentiated
into osteogenic cells [118]. The peptide sequences Ac-Ile-Val-Phe-Lys-NH2 (IVFK) and
Ac-Ile-Val-Cha-Lys-NH2 (IVZK) were synthesized using solid-phase peptide synthesis
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(SPPS)44, and their purification was performed via mass spectrometry. In solidified form,
tetrapeptides can form hydrogels with properties similar to the ECM and provide cells
with a 3D environment with appropriate mechanical properties. In these hydrogels, posi-
tively charged lysine amino acids affect cell adhesion and spreading. Halperin-Sternfeld
and colleagues reported that HA combined with an ultrashort aromatic peptide-based
hydrogel can stimulate bone regeneration [119]. A nanofibrous FmocFF/HA hydrogel with
an average storage modulus of 46 kPa promoted osteogenic differentiation and calcium
synthesis in MC3T3-E1 preosteoblasts. Implantation of the hydrogel in vivo resulted in the
restoration of approximately 93% of bone mass. In addition, bony islets developed along
the entire defect, not just along its margins. The periosteum-hydrogel interface was lined
with elongated macrophages within a week of implantation, and three weeks later, the
macrophages were dispersed throughout the newly formed bone tissue.
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Figure 4. An observation of macroscopic cartilage lesions treated with IEIK13- and fibrin-based
hydrogels on the implantation day (D0) and 82 days later (D82). Chondrocytes were either loaded or
not loaded into the hydrogels, as indicated. A specific anatomical site for implantation in the knee
joint has been identified, and M1, M2, and M3 correspond to three Cynomolgus monkeys. There is an
indication of the original margin of the defect by the arrows. The central regions of the M1 and M2
defects appear depressed or filled with rough tissue, whereas the central regions of the M3 defects
seem to be poorly resurfaced. Reproduced under the terms of the Creative Commons Attribution 4.0
International (CC BY 4.0) license. [112] Copyright 2021, Nature.
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Figure 5. (A-1). Peptide-based hydrogels loaded with KP and QK synergistically enhance critical
bone repair in vivo. Images of the surgical process (scale bar = 5 mm). (A-2). Illustrating 3D recon-
struction images and the bone regeneration of the injured area following treatment with (I) DN-GMO
hydrogel alone (GMO Ctrl) or DN-GMO hydrogel with (II) QK (QK/GMO), (III) KP (KP/GMO)
and (IV) KP + QK(KP/QK/GMO) combined after 8 weeks. Reproduced under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND
4.0) license. [115] Copyright 2022, Elsevier. (B). Images obtained by SEM of engineered tissues
on DEX-loaded RADA 16-I hydrogel after 21 days of cell culture. Three morphologies that have
characteristics of (I) cells (scale bar = 10 µm), (II) ECM/connective tissue (scale bar = 10 µm), and
(III) minerals (scale bar = 1 µm) are evident. Reproduced under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) license. [116] Copyright 2019, MDPI.

3.5. Skin

Using peptide-based hydrogels as bioinks, Jang and colleagues published a study in
which GelMA hydrogels were combined with VEGF mimicking peptide (Ac-KVKFMDVYQ-
RSYCHP-amide [125]) and then bioprinted [120]. Cell proliferation, viability, and tubular
structure formation were stimulated in mouse fibroblasts (NIH 3T3) and HUVECs by VEGF
mimicking peptide. Furthermore, this peptide-based hydrogel demonstrated promising
wound-healing results in a pig skin wound model (Figure 6). Zhang et al. [121] prepared
thermosensitive hydrogels using oyster peptide microspheres as fillers, chitosan as the
polymer matrix, and glycerin as the thermal sensitizer. This hydrogel has been demon-
strated to accelerate cell migration in L929 cells as a wound-healing hydrogel. As a result
of experiments conducted on mouse skin wounds, this hydrogel inhibited the formation of
a variety of inflammatory cells, stimulated collagen fiber formation and new blood vessel
formation, as well as regulating Ki-67 and VEGF expression in the wound, and enhanced
the biosynthesis of total protein in the granulation tissue, leading to rapid wound healing.
Furthermore, the hydrogel was non-toxic to L929 cells, making it a promising wound
dressing. A thiolated hyaluronic acid-polyethylene diacrylate (tHA-PEGDA) hydrogel
containing both immobilized RGD peptides for cell adhesion and anti-VEGF-R2 DNA
aptamers for promoting angiogenesis without exogenous growth factors has been devel-
oped by Roy and collaborators [122]. Following the reaction of the tHA with the aptamer
sequence functionalized with acrylate, the gel was partially crosslinked with PEGDA, and
the RGD adhesion peptide was incorporated into it. RGD peptides enhanced cell growth,
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while the anti-VEGF-R2 DNA aptamer enhanced cell viability as well as angiogenesis by
endothelial tube formation, which is helpful in advanced wound healing applications.
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Figure 6. (A). The tubular structure formed by GelMA and GelMA-VEGF hydrogels in the presence
of HUVEC cells. Live/Dead assay images of HUVECs. There is a green stain on the live cells and a
red stain on the dead cells. (B). Illustrations of the wound area after surgery at various time points.
(C). The wound size was quantified using a percent-based measurement of wound size compared to
the original size. (D). Sections of wounds stained with H&E. The red arrows represent the wound
length (scale bar = 1000 µm, * p < 0.05 comparing duoDERM®). Reproduced under the terms of the
Creative Commons Attribution 4.0 International (CC BY 4.0) license. [120] Copyright 2021, IOP.

4. Future Perspective and Challenges

The field of tissue engineering will be further transformed using peptide-based bio-
materials since they are engineered to interact more productively with living systems.
These materials are inspired by nature as well as a rational design-driven screening and
exploration. This emerging technology will be implemented in the clinic more rapidly
if these biomaterials are adapted for bioprinting-based biofabrication. Peptide-based hy-
drogels present challenges and opportunities in tuning their proteolytic stability, specific
interactions, and dynamics. For the further development and effectiveness of peptide-based
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hydrogels, it is crucial to develop methods to increase and improve their stability, as well
as increasing the current knowledge about the amino acids present in the peptide struc-
ture and interactions. Peptide interactions can be assessed in detail by photo-patterning
techniques for enhancement of the spatiotemporal control of biomolecules. The molecular
interactions between peptides are physically reversible, making them ideal for injectable
biomaterials and bioprinting technologies. Controlling and regulating these interactions
can lead to the development of engineered peptide-based bioinks. There is a growing inter-
est in bioprinting and developing peptide-based hydrogels as bioinks. These developments
create a promising prospect for the clinical application of these biomaterials. By adjusting
the strength of peptide interactions, it is possible to control the dynamics of peptide-based
hydrogels. As a result of the dynamicity of the natural ECM, material rearrangements
need to be engineered using cell-driven mechanisms on biological timescales. Despite their
infancy, stereochemistry-driven interactions between peptides offer a compelling way to
tailor peptide assembly stability and thermomechanical properties.

In conclusion, peptide-based hydrogels have been extensively studied for various
tissue engineering applications and have recently been developed. Nanofiber peptide-based
hydrogels with α-helix and β-sheet content provide the features that scaffolds require from
an engineering and biological perspective. Even though this is still a frontier research area,
previous publications have provided valuable information. There are, however, three basic
steps that should be considered for their development. First, peptide-based hydrogels need
to be developed by concentrating on smart hydrogels that are environmentally friendly and
can respond to various stimuli. The second step is to study peptide-based multifunctional
hydrogels using structural biology and bioinformatics approach. Thirdly, future research
and development should focus on the development of bioactive hydrogels based on peptide
structures inspired by protein engineering. Increasing and developing theoretical methods
have made it easier to study these materials, although further research is required to
apply peptide-based hydrogels to clinical trials. By improving their ability to work in the
biomedical field, it is hoped that industrial peptide-based hydrogels may prove green and
cost-effective in the future.
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21. Pieters, B.J.G.E.; van Eldijk, M.B.; Nolte, R.J.M.; Mecinović, J. Natural Supramolecular Protein Assemblies. Chem. Soc. Rev. 2016,

45, 24–39. [CrossRef]
22. Schröder, H.V.; Zhang, Y.; Link, A.J. Dynamic Covalent Self-Assembly of Mechanically Interlocked Molecules Solely Made from

Peptides. Nat. Chem. 2021, 13, 850–857. [CrossRef]
23. Wang, Y.; Zhang, X.; Wan, K.; Zhou, N.; Wei, G.; Su, Z. Supramolecular Peptide Nano-Assemblies for Cancer Diagnosis and

Therapy: From Molecular Design to Material Synthesis and Function-Specific Applications. J. Nanobiotechnol. 2021, 19, 253.
[CrossRef]

24. Shen, Y.; Levin, A.; Kamada, A.; Toprakcioglu, Z.; Rodriguez-Garcia, M.; Xu, Y.; Knowles, T.P.J. From Protein Building Blocks to
Functional Materials. ACS Nano 2021, 15, 5819–5837. [CrossRef]

25. Qiao, S.; Liu, J. Protein Self-Assembly: Strategies and Applications. In Handbook of Macrocyclic Supramolecular Assembly; Springer:
Singapore, 2019; pp. 1–41.

26. Yao, S.; Brahmi, R.; Bouschon, A.; Chen, J.; Halila, S. Supramolecular Carbohydrate-Based Hydrogels from Oxidative Hydrox-
ylation of Amphiphilic β- C -Glycosylbarbiturates and α-Glucosidase-Induced Hydrogelation. Green Chem. 2023, 25, 330–335.
[CrossRef]

27. Sun, H.; Luo, Q.; Hou, C.; Liu, J. Nanostructures Based on Protein Self-Assembly: From Hierarchical Construction to Bioinspired
Materials. Nano Today 2017, 14, 16–41. [CrossRef]

28. Zeng, R.; Lv, C.; Wang, C.; Zhao, G. Bionanomaterials Based on Protein Self-Assembly: Design and Applications in Biotechnology.
Biotechnol. Adv. 2021, 52, 107835. [CrossRef] [PubMed]

29. Lv, C.; Zhang, X.; Liu, Y.; Zhang, T.; Chen, H.; Zang, J.; Zheng, B.; Zhao, G. Redesign of Protein Nanocages: The Way from 0D, 1D,
2D to 3D Assembly. Chem. Soc. Rev. 2021, 50, 3957–3989. [CrossRef]

30. Edwardson, T.G.W.; Levasseur, M.D.; Tetter, S.; Steinauer, A.; Hori, M.; Hilvert, D. Protein Cages: From Fundamentals to
Advanced Applications. Chem. Rev. 2022, 122, 9145–9197. [CrossRef]

31. Matsubara, S.; Okamoto, Y.; Yoshikawa, M.; Tsukiji, S.; Higuchi, M. A Peptide Nanocage Constructed by Self-Assembly of
Oligoproline Conjugates. Bioconjug. Chem. 2022, 33, 1785–1788. [CrossRef] [PubMed]

32. Korpi, A.; Ma, C.; Liu, K.; Nonappa; Herrmann, A.; Ikkala, O.; Kostiainen, M.A. Self-Assembly of Electrostatic Cocrystals from
Supercharged Fusion Peptides and Protein Cages. ACS Macro Lett. 2018, 7, 318–323. [CrossRef]

33. Mandal, D.; Nasrolahi Shirazi, A.; Parang, K. Self-Assembly of Peptides to Nanostructures. Org. Biomol. Chem. 2014, 12, 3544–3561.
[CrossRef]

http://doi.org/10.1016/j.copbio.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32492515
http://doi.org/10.3390/ma15175871
http://www.ncbi.nlm.nih.gov/pubmed/36079250
http://doi.org/10.1038/s41570-020-0215-y
http://doi.org/10.1039/C8TB03173H
http://doi.org/10.1039/C8CS00121A
http://doi.org/10.1021/acs.chemrev.1c00704
http://doi.org/10.1007/s11426-016-0231-3
http://doi.org/10.1039/C6CS00004E
http://doi.org/10.1002/adhm.201700930
http://www.ncbi.nlm.nih.gov/pubmed/29115746
http://doi.org/10.1039/C8SM02573H
http://www.ncbi.nlm.nih.gov/pubmed/30724947
http://doi.org/10.1016/j.tibtech.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22197260
http://doi.org/10.1039/c4tb00168k
http://www.ncbi.nlm.nih.gov/pubmed/32261720
http://doi.org/10.1016/j.colsurfa.2023.131020
http://doi.org/10.1021/acs.chemrev.1c00757
http://doi.org/10.3389/fbioe.2020.00295
http://doi.org/10.1016/j.addr.2020.10.001
http://doi.org/10.1039/C5CS00157A
http://doi.org/10.1038/s41557-021-00770-7
http://doi.org/10.1186/s12951-021-00999-x
http://doi.org/10.1021/acsnano.0c08510
http://doi.org/10.1039/D2GC04180D
http://doi.org/10.1016/j.nantod.2017.04.006
http://doi.org/10.1016/j.biotechadv.2021.107835
http://www.ncbi.nlm.nih.gov/pubmed/34520791
http://doi.org/10.1039/D0CS01349H
http://doi.org/10.1021/acs.chemrev.1c00877
http://doi.org/10.1021/acs.bioconjchem.2c00290
http://www.ncbi.nlm.nih.gov/pubmed/35900377
http://doi.org/10.1021/acsmacrolett.8b00023
http://doi.org/10.1039/C4OB00447G


Polymers 2023, 15, 1068 19 of 22

34. Shang, L.; Yu, Y.; Liu, Y.; Chen, Z.; Kong, T.; Zhao, Y. Spinning and Applications of Bioinspired Fiber Systems. ACS Nano 2019, 13,
2749–2772. [CrossRef]

35. Chen, W.; Yang, S.; Li, S.; Lang, J.C.; Mao, C.; Kroll, P.; Tang, L.; Dong, H. Self-Assembled Peptide Nanofibers Display Natural
Antimicrobial Peptides to Selectively Kill Bacteria without Compromising Cytocompatibility. ACS Appl. Mater. Interfaces 2019, 11,
28681–28689. [CrossRef]

36. Loo, Y.; Zhang, S.; Hauser, C.A.E. From Short Peptides to Nanofibers to Macromolecular Assemblies in Biomedicine. Biotechnol.
Adv. 2012, 30, 593–603. [CrossRef]

37. Hu, T.; Xu, Y.; Xu, G.; Pan, S. Sequence-Selected C 13 -Dipeptide Self-Assembled Hydrogels for Encapsulation of Lemon Essential
Oil with Antibacterial Activity. J. Agric. Food Chem. 2022, 70, 7148–7157. [CrossRef] [PubMed]

38. Bera, S.; Gazit, E. Self-Assembly of Functional Nanostructures by Short Helical Peptide Building Blocks. Protein Pept. Lett. 2019,
26, 88–97. [CrossRef]

39. Cao, Y.; Mezzenga, R. Food Protein Amyloid Fibrils: Origin, Structure, Formation, Characterization, Applications and Health
Implications. Adv. Colloid Interface Sci. 2019, 269, 334–356. [CrossRef] [PubMed]

40. Yadav, N.; Chauhan, M.K.; Chauhan, V.S. Short to Ultrashort Peptide-Based Hydrogels as a Platform for Biomedical Applications.
Biomater. Sci. 2020, 8, 84–100. [CrossRef] [PubMed]

41. Shimizu, T. Smart Soft-Matter Nanotubes; Nanostructure Science and Technology; Springer: Singapore, 2021; ISBN 978-981-16-2684-5.
42. Conley, K.M.; Whitehead, M.A.; van de Ven, T.G.M. Linear Growth of Self-Assembled Alternating Oligopeptide Nanotubes with

Self-Locking Building Blocks. Mol. Simul. 2019, 45, 549–555. [CrossRef]
43. Lamas, A.; Guerra, A.; Amorín, M.; Granja, J.R. New Self-Assembling Peptide Nanotubes of Large Diameter Using δ-Amino

Acids. Chem. Sci. 2018, 9, 8228–8233. [CrossRef]
44. Wang, F.; Gnewou, O.; Modlin, C.; Beltran, L.C.; Xu, C.; Su, Z.; Juneja, P.; Grigoryan, G.; Egelman, E.H.; Conticello, V.P. Structural

Analysis of Cross α-Helical Nanotubes Provides Insight into the Designability of Filamentous Peptide Nanomaterials. Nat.
Commun. 2021, 12, 407. [CrossRef] [PubMed]

45. Katyal, P.; Meleties, M.; Montclare, J.K. Self-Assembled Protein- and Peptide-Based Nanomaterials. ACS Biomater. Sci. Eng. 2019,
5, 4132–4147. [CrossRef] [PubMed]

46. Diaferia, C.; Rosa, E.; Morelli, G.; Accardo, A. Fmoc-Diphenylalanine Hydrogels: Optimization of Preparation Methods and
Structural Insights. Pharmaceuticals 2022, 15, 1048. [CrossRef] [PubMed]

47. Hsieh, W.-H.; Liaw, J. Applications of Cyclic Peptide Nanotubes (CPNTs). J. Food Drug Anal. 2019, 27, 32–47. [CrossRef] [PubMed]
48. Song, Q.; Cheng, Z.; Kariuki, M.; Hall, S.C.L.; Hill, S.K.; Rho, J.Y.; Perrier, S. Molecular Self-Assembly and Supramolecular

Chemistry of Cyclic Peptides. Chem. Rev. 2021, 121, 13936–13995. [CrossRef]
49. Reja, A.; Afrose, S.P.; Das, D. Aldolase Cascade Facilitated by Self-Assembled Nanotubes from Short Peptide Amphiphiles. Angew.

Chemie Int. Ed. 2020, 59, 4329–4334. [CrossRef] [PubMed]
50. Hauser, C.A.E.; Zhang, S. Designer Self-Assembling Peptide Nanofiber Biological Materials. Chem. Soc. Rev. 2010, 39, 2780.

[CrossRef]
51. Sunna, A.; Care, A.; Bergquist, P.L. (Eds.) Peptides and Peptide-Based Biomaterials and Their Biomedical Applications; Ad-

vances in Experimental Medicine and Biology; Springer International Publishing: Cham, Switzerland, 2017; Volume 1030,
ISBN 978-3-319-66094-3.

52. Gelain, F.; Luo, Z.; Zhang, S. Self-Assembling Peptide EAK16 and RADA16 Nanofiber Scaffold Hydrogel. Chem. Rev. 2020, 120,
13434–13460. [CrossRef]

53. Debele, T.A.; Su, W.-P. Polysaccharide and Protein-Based Functional Wound Dressing Materials and Applications. Int. J. Polym.
Mater. Polym. Biomater. 2022, 71, 87–108. [CrossRef]

54. Sui, Z.; King, W.J.; Murphy, W.L. Protein-Based Hydrogels with Tunable Dynamic Responses. Adv. Funct. Mater. 2008, 18,
1824–1831. [CrossRef]

55. Bian, Q.; Fu, L.; Li, H. Engineering Shape Memory and Morphing Protein Hydrogels Based on Protein Unfolding and Folding.
Nat. Commun. 2022, 13, 137. [CrossRef] [PubMed]

56. Davari, N.; Bakhtiary, N.; Khajehmohammadi, M.; Sarkari, S.; Tolabi, H.; Ghorbani, F.; Ghalandari, B. Protein-Based Hydrogels:
Promising Materials for Tissue Engineering. Polymers 2022, 14, 986. [CrossRef] [PubMed]

57. Dattilo, M.; Patitucci, F.; Prete, S.; Parisi, O.I.; Puoci, F. Polysaccharide-Based Hydrogels and Their Application as Drug Delivery
Systems in Cancer Treatment: A Review. J. Funct. Biomater. 2023, 14, 55. [CrossRef]

58. Bao, Z.; Xian, C.; Yuan, Q.; Liu, G.; Wu, J. Natural Polymer-Based Hydrogels with Enhanced Mechanical Performances:
Preparation, Structure, and Property. Adv. Healthc. Mater. 2019, 8, 1900670. [CrossRef]

59. Yamada, Y.; Patel, N.L.; Kalen, J.D.; Schneider, J.P. Design of a Peptide-Based Electronegative Hydrogel for the Direct Encapsula-
tion, 3D Culturing, in Vivo Syringe-Based Delivery, and Long-Term Tissue Engraftment of Cells. ACS Appl. Mater. Interfaces 2019,
11, 34688–34697. [CrossRef]

60. Koutsopoulos, S. Self-Assembling Peptide Nanofiber Hydrogels in Tissue Engineering and Regenerative Medicine: Progress,
Design Guidelines, and Applications. J. Biomed. Mater. Res. Part A 2016, 104, 1002–1016. [CrossRef]

61. Liu, C.; Gong, S.; Du, X.; Liu, Y. Micelle Morphology Phase Diagram in a Phospholipid, PEGylated Lipid, and Peptide Amphiphiles
Ternary System. Chem. Eng. Res. Des. 2022, 181, 354–362. [CrossRef]

http://doi.org/10.1021/acsnano.8b09651
http://doi.org/10.1021/acsami.9b09583
http://doi.org/10.1016/j.biotechadv.2011.10.004
http://doi.org/10.1021/acs.jafc.2c02385
http://www.ncbi.nlm.nih.gov/pubmed/35657010
http://doi.org/10.2174/0929866525666180917163142
http://doi.org/10.1016/j.cis.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31128463
http://doi.org/10.1039/C9BM01304K
http://www.ncbi.nlm.nih.gov/pubmed/31696870
http://doi.org/10.1080/08927022.2018.1563698
http://doi.org/10.1039/C8SC02276C
http://doi.org/10.1038/s41467-020-20689-w
http://www.ncbi.nlm.nih.gov/pubmed/33462223
http://doi.org/10.1021/acsbiomaterials.9b00408
http://www.ncbi.nlm.nih.gov/pubmed/33417774
http://doi.org/10.3390/ph15091048
http://www.ncbi.nlm.nih.gov/pubmed/36145269
http://doi.org/10.1016/j.jfda.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30648586
http://doi.org/10.1021/acs.chemrev.0c01291
http://doi.org/10.1002/anie.201914633
http://www.ncbi.nlm.nih.gov/pubmed/31920004
http://doi.org/10.1039/b921448h
http://doi.org/10.1021/acs.chemrev.0c00690
http://doi.org/10.1080/00914037.2020.1809403
http://doi.org/10.1002/adfm.200701288
http://doi.org/10.1038/s41467-021-27744-0
http://www.ncbi.nlm.nih.gov/pubmed/35013234
http://doi.org/10.3390/polym14050986
http://www.ncbi.nlm.nih.gov/pubmed/35267809
http://doi.org/10.3390/jfb14020055
http://doi.org/10.1002/adhm.201900670
http://doi.org/10.1021/acsami.9b12152
http://doi.org/10.1002/jbm.a.35638
http://doi.org/10.1016/j.cherd.2022.03.025


Polymers 2023, 15, 1068 20 of 22

62. Gray, V.P.; Amelung, C.D.; Duti, I.J.; Laudermilch, E.G.; Letteri, R.A.; Lampe, K.J. Biomaterials via Peptide Assembly: Design,
Characterization, and Application in Tissue Engineering. Acta Biomater. 2022, 140, 43–75. [CrossRef]

63. Yang, J.; Sun, X.; Zhang, Y.; Chen, Y. The Application of Natural Polymer–Based Hydrogels in Tissue Engineering. In Hydrogels
Based on Natural Polymers; Elsevier: Amsterdam, The Netherlands, 2020; pp. 273–307.

64. Safarzadeh Kozani, P.; Safarzadeh Kozani, P.; Hamidi, M.; Valentine Okoro, O.; Eskandani, M.; Jaymand, M. Polysaccharide-Based
Hydrogels: Properties, Advantages, Challenges, and Optimization Methods for Applications in Regenerative Medicine. Int. J.
Polym. Mater. Polym. Biomater. 2022, 71, 1319–1333. [CrossRef]

65. Bakhtiary, N.; Liu, C.; Ghorbani, F. Bioactive Inks Development for Osteochondral Tissue Engineering: A Mini-Review. Gels 2021,
7, 274. [CrossRef]

66. Schloss, A.C.; Williams, D.M.; Regan, L.J. Protein-Based Hydrogels for Tissue Engineering. In Advances in Experimental Medicine
and Biology; Springer: Cham, Switzerland, 2016; Volume 940, pp. 167–177.

67. Silva, R.; Fabry, B.; Boccaccini, A.R. Fibrous Protein-Based Hydrogels for Cell Encapsulation. Biomaterials 2014, 35, 6727–6738.
[CrossRef]

68. Frederix, P.W.J.M.; Scott, G.G.; Abul-Haija, Y.M.; Kalafatovic, D.; Pappas, C.G.; Javid, N.; Hunt, N.T.; Ulijn, R.V.; Tuttle, T.
Exploring the Sequence Space for (Tri-)Peptide Self-Assembly to Design and Discover New Hydrogels. Nat. Chem. 2015, 7, 30–37.
[CrossRef]

69. Liyanage, W.; Ardoña, H.A.M.; Mao, H.-Q.; Tovar, J.D. Cross-Linking Approaches to Tuning the Mechanical Properties of Peptide
π-Electron Hydrogels. Bioconjug. Chem. 2017, 28, 751–759. [CrossRef]

70. Du, X.; Zhou, J.; Shi, J.; Xu, B. Supramolecular Hydrogelators and Hydrogels: From Soft Matter to Molecular Biomaterials. Chem.
Rev. 2015, 115, 13165–13307. [CrossRef] [PubMed]

71. Dasgupta, A.; Mondal, J.H.; Das, D. Peptide Hydrogels. RSC Adv. 2013, 3, 9117. [CrossRef]
72. Singh, N.; Kumar, M.; Miravet, J.F.; Ulijn, R.V.; Escuder, B. Peptide-Based Molecular Hydrogels as Supramolecular Protein Mimics.

Chem.—Eur. J. 2017, 23, 981–993. [CrossRef] [PubMed]
73. Tang, J.D.; Roloson, E.B.; Amelung, C.D.; Lampe, K.J. Rapidly Assembling Pentapeptides for Injectable Delivery (RAPID)

Hydrogels as Cytoprotective Cell Carriers. ACS Biomater. Sci. Eng. 2019, 5, 2117–2121. [CrossRef] [PubMed]
74. Edwards-Gayle, C.J.C.; Hamley, I.W. Self-Assembly of Bioactive Peptides, Peptide Conjugates, and Peptide Mimetic Materials.

Org. Biomol. Chem. 2017, 15, 5867–5876. [CrossRef] [PubMed]
75. Miller, A.F.; Saiani, A. Engineering Peptide Based Biomaterials. Struct. Prop. Appl. Chem. Today 2010, 28, 34–38.
76. Priftis, D.; Leon, L.; Song, Z.; Perry, S.L.; Margossian, K.O.; Tropnikova, A.; Cheng, J.; Tirrell, M. Self-Assembly of α-Helical

Polypeptides Driven by Complex Coacervation. Angew. Chemie Int. Ed. 2015, 54, 11128–11132. [CrossRef]
77. Eskandari, S.; Guerin, T.; Toth, I.; Stephenson, R.J. Recent Advances in Self-Assembled Peptides: Implications for Targeted Drug

Delivery and Vaccine Engineering. Adv. Drug Deliv. Rev. 2017, 110–111, 169–187. [CrossRef]
78. Wang, Y.; Katyal, P.; Montclare, J.K. Protein-Engineered Functional Materials. Adv. Healthc. Mater. 2019, 8, 1801374. [CrossRef]
79. Xing, R.; Yuan, C.; Li, S.; Song, J.; Li, J.; Yan, X. Charge-Induced Secondary Structure Transformation of Amyloid-Derived

Dipeptide Assemblies from β-Sheet to α-Helix. Angew. Chemie Int. Ed. 2018, 57, 1537–1542. [CrossRef]
80. Saiani, A.; Mohammed, A.; Frielinghaus, H.; Collins, R.; Hodson, N.; Kielty, C.M.; Sherratt, M.J.; Miller, A.F. Self-Assembly and

Gelation Properties of α-Helix versus β-Sheet Forming Peptides. Soft Matter 2009, 5, 193–202. [CrossRef]
81. Ha, M.Y.; Yang, D.H.; You, S.J.; Kim, H.J.; Chun, H.J. In-Situ Forming Injectable GFOGER-Conjugated BMSCs-Laden Hydrogels

for Osteochondral Regeneration. npj Regen. Med. 2023, 8, 2. [CrossRef]
82. Duan, T.; Li, H. In Situ Phase Transition of Elastin-Like Polypeptide Chains Regulates Thermoresponsive Properties of Elastomeric

Protein-Based Hydrogels. Biomacromolecules 2020, 21, 2258–2267. [CrossRef]
83. Behravesh, E.; Zygourakis, K.; Mikos, A.G. Adhesion and Migration of Marrow-Derived Osteoblasts on Injectable in situ

Crosslinkable Poly(Propylene Fumarate-Co-Ethylene Glycol)-Based Hydrogels with a Covalently Linked RGDS Peptide. J.
Biomed. Mater. Res. 2003, 65A, 260–270. [CrossRef]

84. Wu, X.; Wu, Y.; Ye, H.; Yu, S.; He, C.; Chen, X. Interleukin-15 and Cisplatin Co-Encapsulated Thermosensitive Polypeptide
Hydrogels for Combined Immuno-Chemotherapy. J. Control. Release 2017, 255, 81–93. [CrossRef]

85. Ren, K.; He, C.; Cheng, Y.; Li, G.; Chen, X. Injectable Enzymatically Crosslinked Hydrogels Based on a Poly(L-Glutamic Acid)
Graft Copolymer. Polym. Chem. 2014, 5, 5069–5076. [CrossRef]

86. Toledano, S.; Williams, R.J.; Jayawarna, V.; Ulijn, R.V. Enzyme-Triggered Self-Assembly of Peptide Hydrogels via Reversed
Hydrolysis. J. Am. Chem. Soc. 2006, 128, 1070–1071. [CrossRef] [PubMed]

87. Hughes, M.; Debnath, S.; Knapp, C.W.; Ulijn, R.V. Antimicrobial Properties of Enzymatically Triggered Self-Assembling Aromatic
Peptide Amphiphiles. Biomater. Sci. 2013, 1, 1138. [CrossRef] [PubMed]

88. Roy, S.; Javid, N.; Sefcik, J.; Halling, P.J.; Ulijn, R.V. Salt-Induced Control of Supramolecular Order in Biocatalytic Hydrogelation.
Langmuir 2012, 28, 16664–16670. [CrossRef]

89. Gao, J.; Zheng, W.; Kong, D.; Yang, Z. Dual Enzymes Regulate the Molecular Self-Assembly of Tetra-Peptide Derivatives. Soft
Matter 2011, 7, 10443. [CrossRef]

90. Liang, C.; Zheng, D.; Shi, F.; Xu, T.; Yang, C.; Liu, J.; Wang, L.; Yang, Z. Enzyme-Assisted Peptide Folding, Assembly and
Anti-Cancer Properties. Nanoscale 2017, 9, 11987–11993. [CrossRef] [PubMed]

http://doi.org/10.1016/j.actbio.2021.10.030
http://doi.org/10.1080/00914037.2021.1962876
http://doi.org/10.3390/gels7040274
http://doi.org/10.1016/j.biomaterials.2014.04.078
http://doi.org/10.1038/nchem.2122
http://doi.org/10.1021/acs.bioconjchem.6b00593
http://doi.org/10.1021/acs.chemrev.5b00299
http://www.ncbi.nlm.nih.gov/pubmed/26646318
http://doi.org/10.1039/c3ra40234g
http://doi.org/10.1002/chem.201602624
http://www.ncbi.nlm.nih.gov/pubmed/27530095
http://doi.org/10.1021/acsbiomaterials.9b00389
http://www.ncbi.nlm.nih.gov/pubmed/33405714
http://doi.org/10.1039/C7OB01092C
http://www.ncbi.nlm.nih.gov/pubmed/28661532
http://doi.org/10.1002/anie.201504861
http://doi.org/10.1016/j.addr.2016.06.013
http://doi.org/10.1002/adhm.201801374
http://doi.org/10.1002/anie.201710642
http://doi.org/10.1039/B811288F
http://doi.org/10.1038/s41536-022-00274-z
http://doi.org/10.1021/acs.biomac.0c00206
http://doi.org/10.1002/jbm.a.10461
http://doi.org/10.1016/j.jconrel.2017.04.011
http://doi.org/10.1039/C4PY00420E
http://doi.org/10.1021/ja056549l
http://www.ncbi.nlm.nih.gov/pubmed/16433511
http://doi.org/10.1039/c3bm60135h
http://www.ncbi.nlm.nih.gov/pubmed/32481936
http://doi.org/10.1021/la303388s
http://doi.org/10.1039/c1sm06192e
http://doi.org/10.1039/C7NR04370H
http://www.ncbi.nlm.nih.gov/pubmed/28792044


Polymers 2023, 15, 1068 21 of 22

91. Yang, L.; Gan, S.; Guo, Q.; Zhang, H.; Chen, Q.; Li, H.; Shi, J.; Sun, H. Stimuli-Controlled Peptide Self-Assembly with Secondary
Structure Transitions and Its Application in Drug Release. Mater. Chem. Front. 2021, 5, 4664–4671. [CrossRef]

92. Liang, C.; Yan, X.; Zhang, R.; Xu, T.; Zheng, D.; Tan, Z.; Chen, Y.; Gao, Z.; Wang, L.; Li, X.; et al. Enhanced Cellular Uptake and
Nuclear Accumulation of Drug-Peptide Nanomedicines Prepared by Enzyme-Instructed Self-Assembly. J. Control. Release 2020,
317, 109–117. [CrossRef]

93. Ding, Y.; Li, Y.; Qin, M.; Cao, Y.; Wang, W. Photo-Cross-Linking Approach to Engineering Small Tyrosine-Containing Peptide
Hydrogels with Enhanced Mechanical Stability. Langmuir 2013, 29, 13299–13306. [CrossRef]

94. Wei, Q.; Xu, M.; Liao, C.; Wu, Q.; Liu, M.; Zhang, Y.; Wu, C.; Cheng, L.; Wang, Q. Printable Hybrid Hydrogel by Dual Enzymatic
Polymerization with Superactivity. Chem. Sci. 2016, 7, 2748–2752. [CrossRef]

95. Jonker, A.M.; Löwik, D.W.P.M.; van Hest, J.C.M. Peptide- and Protein-Based Hydrogels. Chem. Mater. 2012, 24, 759–773.
[CrossRef]

96. Xing, R.; Li, S.; Zhang, N.; Shen, G.; Möhwald, H.; Yan, X. Self-Assembled Injectable Peptide Hydrogels Capable of Triggering
Antitumor Immune Response. Biomacromolecules 2017, 18, 3514–3523. [CrossRef] [PubMed]

97. Chen, J.; Zou, X. Self-Assemble Peptide Biomaterials and Their Biomedical Applications. Bioact. Mater. 2019, 4, 120–131.
[CrossRef] [PubMed]

98. Dube, T.; Panda, J.J. Anti-Glioma Activity Achieved by Dual Blood–Brain Barrier/Glioma Targeting Naive Chimeric Peptides-
Based Co-Assembled Nanophototheranostics. Pharmaceutics 2023, 15, 265. [CrossRef] [PubMed]

99. Kulkarni, N.; Rao, P.; Jadhav, G.S.; Kulkarni, B.; Kanakavalli, N.; Kirad, S.; Salunke, S.; Tanpure, V.; Sahu, B. Emerging Role of
Injectable Dipeptide Hydrogels in Biomedical Applications. ACS Omega 2023, 8, 3551–3570. [CrossRef]

100. Chai, Y.; Long, Y.; Dong, X.; Liu, K.; Wei, W.; Chen, Y.; Qiu, T.; Dai, H. Improved Functional Recovery of Rat Transected Spinal
Cord by Peptide-Grafted PNIPAM Based Hydrogel. Colloids Surfaces B Biointerfaces 2022, 210, 112220. [CrossRef] [PubMed]

101. Zhang, Z.; Chai, Y.; Zhao, H.; Yang, S.; Liu, W.; Yang, Z.; Ye, W.; Wang, C.; Gao, X.; Kong, X.; et al. Crosstalk between PC12
Cells and Endothelial Cells in an Artificial Neurovascular Niche Constructed by a Dual-Functionalized Self-Assembling Peptide
Nanofiber Hydrogel. Nano Res. 2022, 15, 1433–1445. [CrossRef]

102. Hivare, P.; Gangrade, A.; Swarup, G.; Bhavsar, K.; Singh, A.; Gupta, R.; Thareja, P.; Gupta, S.; Bhatia, D. Peptide Functionalized
DNA Hydrogel Enhances Neuroblastoma Cell Growth and Differentiation. Nanoscale 2022, 14, 8611–8620. [CrossRef] [PubMed]

103. Yaguchi, A.; Oshikawa, M.; Watanabe, G.; Hiramatsu, H.; Uchida, N.; Hara, C.; Kaneko, N.; Sawamoto, K.; Muraoka, T.; Ajioka, I.
Efficient Protein Incorporation and Release by a Jigsaw-Shaped Self-Assembling Peptide Hydrogel for Injured Brain Regeneration.
Nat. Commun. 2021, 12, 6623. [CrossRef] [PubMed]

104. Wiseman, T.M.; Baron-Heeris, D.; Houwers, I.G.J.; Keenan, R.; Williams, R.J.; Nisbet, D.R.; Harvey, A.R.; Hodgetts, S.I. Peptide
Hydrogel Scaffold for Mesenchymal Precursor Cells Implanted to Injured Adult Rat Spinal Cord. Tissue Eng. Part A 2021, 27,
993–1007. [CrossRef]

105. Ji, W.; Álvarez, Z.; Edelbrock, A.N.; Sato, K.; Stupp, S.I. Bioactive Nanofibers Induce Neural Transdifferentiation of Human Bone
Marrow Mesenchymal Stem Cells. ACS Appl. Mater. Interfaces 2018, 10, 41046–41055. [CrossRef]

106. Zheng, Z.; Guo, Z.; Zhong, F.; Wang, B.; Liu, L.; Ma, W.; Yu, C.; Wei, H. A Dual Crosslinked Hydrogel-Mediated Integrated
Peptides and BMSC Therapy for Myocardial Regeneration. J. Control. Release 2022, 347, 127–142. [CrossRef]

107. Zhan, J.; Liao, X.; Fan, X.; Zhang, J.; Li, H.; Cai, Y.; Qiu, X. An Injectable and Conductive TEMPOL/Polypyrrole Integrated Peptide
Co-Assembly Hydrogel Promotes Functional Maturation of Cardiomyocytes for Myocardial Infarction Repair. Compos. Part B
Eng. 2022, 236, 109794. [CrossRef]

108. Alheib, O.; da Silva, L.P.; Caballero, D.; Pires, R.A.; Kundu, S.C.; Correlo, V.M.; Reis, R.L. Micropatterned Gellan Gum-Based
Hydrogels Tailored with Laminin-Derived Peptides for Skeletal Muscle Tissue Engineering. Biomaterials 2021, 279, 121217.
[CrossRef] [PubMed]

109. Sleep, E.; Cosgrove, B.D.; McClendon, M.T.; Preslar, A.T.; Chen, C.H.; Sangji, M.H.; Pérez, C.M.R.; Haynes, R.D.; Meade, T.J.;
Blau, H.M.; et al. Injectable Biomimetic Liquid Crystalline Scaffolds Enhance Muscle Stem Cell Transplantation. Proc. Natl. Acad.
Sci. USA 2017, 114, E7919–E7928. [CrossRef] [PubMed]

110. Ye, W.; Yang, Z.; Cao, F.; Li, H.; Zhao, T.; Zhang, H.; Zhang, Z.; Yang, S.; Zhu, J.; Liu, Z.; et al. Articular Cartilage Reconstruc-
tion with TGF-B1-Simulating Self-Assembling Peptide Hydrogel-Based Composite Scaffold. Acta Biomater. 2022, 146, 94–106.
[CrossRef]

111. Thomas, J.; Gupta, N.; Joseph, J.P.; Chopra, V.; Pal, A.; Ghosh, D. Mechanical Integrity in a Dynamic Interpenetrating Hydrogel
Network of Supramolecular Peptide–Polysaccharide Supports Enhanced Chondrogenesis. ACS Biomater. Sci. Eng. 2021, 7,
5798–5809. [CrossRef]

112. Dufour, A.; Lafont, J.E.; Buffier, M.; Verset, M.; Cohendet, A.; Contamin, H.; Confais, J.; Sankar, S.; Rioult, M.; Perrier-Groult, E.; et al.
Repair of Full-Thickness Articular Cartilage Defects Using IEIK13 Self-Assembling Peptide Hydrogel in a Non-Human Primate
Model. Sci. Rep. 2021, 11, 4560. [CrossRef]

113. Zanotto, G.M.; Liesbeny, P.; Barrett, M.; Zlotnick, H.; Frank, E.; Grodzinsky, A.J.; Frisbie, D.D. Microfracture Augmentation with
Trypsin Pretreatment and Growth Factor–Functionalized Self-Assembling Peptide Hydrogel Scaffold in an Equine Model. Am. J.
Sports Med. 2021, 49, 2498–2508. [CrossRef] [PubMed]

http://doi.org/10.1039/D1QM00430A
http://doi.org/10.1016/j.jconrel.2019.11.028
http://doi.org/10.1021/la4029639
http://doi.org/10.1039/C5SC02234G
http://doi.org/10.1021/cm202640w
http://doi.org/10.1021/acs.biomac.7b00787
http://www.ncbi.nlm.nih.gov/pubmed/28721731
http://doi.org/10.1016/j.bioactmat.2019.01.002
http://www.ncbi.nlm.nih.gov/pubmed/31667440
http://doi.org/10.3390/pharmaceutics15010265
http://www.ncbi.nlm.nih.gov/pubmed/36678895
http://doi.org/10.1021/acsomega.2c05601
http://doi.org/10.1016/j.colsurfb.2021.112220
http://www.ncbi.nlm.nih.gov/pubmed/34840029
http://doi.org/10.1007/s12274-021-3684-5
http://doi.org/10.1039/D1NR07187D
http://www.ncbi.nlm.nih.gov/pubmed/35687044
http://doi.org/10.1038/s41467-021-26896-3
http://www.ncbi.nlm.nih.gov/pubmed/34799548
http://doi.org/10.1089/ten.tea.2020.0115
http://doi.org/10.1021/acsami.8b13653
http://doi.org/10.1016/j.jconrel.2022.04.010
http://doi.org/10.1016/j.compositesb.2022.109794
http://doi.org/10.1016/j.biomaterials.2021.121217
http://www.ncbi.nlm.nih.gov/pubmed/34781243
http://doi.org/10.1073/pnas.1708142114
http://www.ncbi.nlm.nih.gov/pubmed/28874575
http://doi.org/10.1016/j.actbio.2022.05.012
http://doi.org/10.1021/acsbiomaterials.1c01120
http://doi.org/10.1038/s41598-021-83208-x
http://doi.org/10.1177/03635465211021798
http://www.ncbi.nlm.nih.gov/pubmed/34161182


Polymers 2023, 15, 1068 22 of 22

114. Stüdle, C.; Vallmajó-Martín, Q.; Haumer, A.; Guerrero, J.; Centola, M.; Mehrkens, A.; Schaefer, D.J.; Ehrbar, M.; Barbero, A.;
Martin, I. Spatially Confined Induction of Endochondral Ossification by Functionalized Hydrogels for Ectopic Engineering of
Osteochondral Tissues. Biomaterials 2018, 171, 219–229. [CrossRef] [PubMed]

115. Li, R.; Zhou, C.; Chen, J.; Luo, H.; Li, R.; Chen, D.; Zou, X.; Wang, W. Synergistic Osteogenic and Angiogenic Effects of KP and
QK Peptides Incorporated with an Injectable and Self-Healing Hydrogel for Efficient Bone Regeneration. Bioact. Mater. 2022, 18,
267–283. [CrossRef]
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